The LspA1, LspA2, and LspB proteins of Haemophilus ducreyi comprise a two-partner secretion system that has been shown to be necessary for H. ducreyi to inhibit phagocytosis by immune cells in vitro. Inactivation of lspA1 resulted in increased levels of LspA2, suggesting that these two proteins are differentially controlled (C. J. Ward et al., Infect. Immun. 71:2478-2486, 2003). Expression of LspA2 but not LspA1 was shown to be both growth phase dependent and affected by the presence of fetal calf serum (FCS) in the growth medium. In addition, neither LspA1 nor LspA2 could be detected in culture supernatant fluid in the absence of FCS. DNA microarray analysis revealed that 324 H. ducreyi genes were differentially regulated after growth in the presence of FCS. Among these, the CpxRA two-component sensory transduction system was downregulated by the presence of FCS. Inactivation of cpxR resulted in increased expression of both LspB and LspA2. Electrophoretic mobility shift assays showed that a recombinant H. ducreyi CpxR protein bound the promoter region of the lspB-lspA2 operon. The cpxR and cpxA genes were shown to be part of an operon containing two additional genes in H. ducreyi 35000HP. This is the first description of a two-component sensory transduction system regulating a proven virulence factor of H. ducreyi.
Haemophilus ducreyi is a gram-negative coccobacillus and the causative agent of the sexually transmitted genital ulcer disease (GUD) chancroid (1, 8) . Globally, chancroid is a significant sexually transmitted disease, with more than 6 million cases reported in 1997 (60) . In the United States, several outbreaks were reported between 1980 and 2000 (24, 36, 51) , but since then the number of cases has greatly diminished, and today the soft chancres characteristic of H. ducreyi infection occur only in isolated cases that are typically associated with the sex trade industry (57) . Chancroid is endemic in some developing countries in Africa, Asia, and South America, where it accounts for almost half of all GUD cases, although these numbers could be higher as H. ducreyi cases remain poorly documented (55, 57) . GUD is a recognized cofactor for human immunodeficiency virus acquisition and transmission (25, 37) , and a better understanding of H. ducreyi pathogenesis is necessary to allow a rational approach to the identification of vaccine candidates that could be used to prevent chancroid.
H. ducreyi is a strict human pathogen, and it is likely that during the different stages of ulcer production (i.e., progression of a papule into a pustule followed by frank ulceration [1, 8, 50] ), this pathogen controls gene expression to enhance its growth and to evade the host immune system. Information about regulatory networks that might control the expression of H. ducreyi virulence factors is very limited at present. Although nucleotide sequence analysis of the H. ducreyi 35000HP genome (GenBank accession no. NC002940) revealed the presence of several genes encoding predicted proteins with homology to known bacterial regulators, to date, only the fur gene (12) , the groE operon (44) , and the dnaK-dnaJ operon (43) have been studied in any detail.
The LspA1, LspA2, and LspB proteins constitute a twopartner secretion system in H. ducreyi (65) . Expression of either LspA1 or LspA2 has been shown to be necessary for H. ducreyi to inhibit phagocytosis by immune cells in vitro (61) . LspA1 and LspA2 have 86% identity (64) , and their respective open reading frames (ORFs) are located very distant from each other in the H. ducreyi chromosome. These proteins are also required for full virulence of this pathogen in both the human (30) and the temperature-dependent rabbit (63) models of experimental H. ducreyi infection. Previous studies in our laboratory indicated that wild-type H. ducreyi apparently expressed more LspA1 than LspA2 and that a lspA1 mutant expressed increased amounts of LspA2 (63) . Taken together, these results suggested that these two proteins might be under the control of different, unidentified regulatory factors. In the present study, we report that inactivation of the gene encoding the response regulator CpxR resulted in increased expression of both LspB and LspA2, suggesting that the H. ducreyi lspBlspA2 operon is under the control of the CpxRA two-component regulatory system (18, 46, 47) homolog present in H. ducreyi.
MATERIALS AND METHODS
Bacteria and culture conditions. Wild-type H. ducreyi strains were routinely recovered from frozen stock on chocolate agar plates that were incubated at 33°C in a humidified atmosphere containing 95% air and 5% CO 2 . Strains were grown at 33°C in a gyratory water bath at 100 rpm in a Columbia broth-based (CB) medium (35 g (FCS) . Escherichia coli DH5␣ was used as the host for general cloning manipulations. E. coli strains were grown in Luria-Bertani medium supplemented with ampicillin (100 g/ml), kanamycin (50 g/ml), or chloramphenicol (30 g/ml) when appropriate for maintenance of the plasmids. For protein expression experiments, E. coli M15(pREP4) (Qiagen, Valencia, CA) was used. Plasmid constructs used for complementation studies were transformed into and isolated from E. coli HB101 before they were electroporated into H. ducreyi.
Development of a polyclonal CpxR antibody. The peptide TPSNHSPEDSNK QLSFGGVE, corresponding to amino acids 129 to 148 of the H. ducreyi 35000HP CpxR protein, was synthesized by the Protein Technology Center at the University of Texas Southwestern Medical Center. This peptide was coupled to maleimide-activated keyhole limpet hemocyanin (Thermo Scientific, Rockford, IL) according to the manufacturer's instructions. Polyclonal rabbit antibody to this keyhole limpet hemocyanin-peptide conjugate was produced by Rockland Immunochemicals (Boyertown, PA). Protein G-beads (GE Healthcare, Piscataway, NJ) were used to purify immunoglobulin G (IgG) from the immune rabbit serum. This purified IgG was used at a concentration of 230 ng/ml as a primary antibody in Western blot analysis.
Antigen preparation and Western blot analysis. Proteins present in H. ducreyi whole-cell lysates and concentrated culture supernatant fluids (CCS) were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis in 3 to 8%, 7.5%, or 12.5% (wt/vol) polyacrylamide separating gels and blotted onto polyvinylidene difluoride membranes. Each whole-cell lysate was standardized by using optical density at 600 nm (OD 600 ) values to obtain cell suspensions, which were then diluted such that 5 ϫ 10 7 CFU equivalents were loaded per lane. H. ducreyi CCS was prepared and concentrated at least 40-fold as described previously (64) . Membranes were then incubated in phosphate-buffered saline-Tween containing 10% (wt/vol) nonfat milk for 1 h at room temperature or overnight at 4°C. The membranes were then incubated for 3 to 4 h at room temperature or overnight at 4°C in primary antibody at the appropriate dilution, followed by a 1-h incubation at room temperature in a 1:5,000 dilution of either goat antimouse IgG-horseradish peroxidase or goat anti-rabbit IgG-horseradish peroxidase (Bio-Rad, Hercules, CA). The LspA1-specific monoclonal antibody (MAb) 40A4 (64), the LspA2-specific MAb 1H9 (64) , and the PAL-specific MAb 3B9 (54) have been described. Western blots were developed using the Western Lightning Chemiluminescence Reagent Plus (New England Nuclear, Boston, MA).
RNA isolation. Total RNA was extracted from broth-grown bacteria by using the RiboPure Kit (Ambion, Austin, TX) according to the manufacturer's instructions. At the required time points, stop buffer (200 mM Tris-HCl [pH 8], 20 mM EDTA, 20 mM sodium azide) was added (final concentration, 5%) to a 5-to 10-ml sample of bacterial culture prior to collection by centrifugation. After isolation, RNA was treated twice with DNase I (Ambion) for 1 h at 37°C and then purified by using the RNeasy system (Qiagen). Samples were checked for residual DNA by PCR and retreated with DNase I if necessary.
DNA microarray analysis. The nucleotide sequence of the genome of H. ducreyi 35000HP (GenBank accession no. NC002940) was used to develop the DNA microarrays used in the present study. Probe design parameters were the same as described previously for development of M. catarrhalis DNA microarrays (62) . The 70-mer oligonucleotides were synthesized (Qiagen) and spotted onto Corning UltraGAP II slides in triplicate (Microarrays, Inc., Nashville, TN). Using the FindGDPs program (7), 57 genome-directed primers were designed; these primers were synthesized by Integrated DNA Technologies and used for cDNA synthesis from total RNA. For each experiment, 20-g quantities of total RNA extracted from cells grown for 8 h in CBϩFCS or CB-FCS were used for first-strand cDNA synthesis, using Amino Allyl cDNA labeling kit reagents (Ambion). Template RNA in the reverse transcriptase (RT) reaction was removed, and the amino-allyl-labeled cDNA was further purified with QIAquick Clean-Up columns (Qiagen). Samples in each experimental replicate were labeled with either Cy3-dCTP or Cy5-dCTP, unincorporated dye was removed, and samples were concentrated by using YM-30 Microcon centrifugal filter devices (Millipore, Billerica, MA). One sample pair was used in a dye swap experiment. Cy-labeled cDNA was quantified by using a NanoDrop spectrophotometer (NanoDrop Technologies, Wilmington, DE), and equivalent amounts of the labeled cDNA from each growth condition were mixed thoroughly and vacuum dried in the dark. Prior to hybridization, the Cy-labeled mixture was resuspended in 14 l of DNase/RNase-free water, denatured at 94°C for 3 min, allowed to cool to 25°C, and added to a hybridization mix (10 l of 4ϫ hybridization buffer [GE Healthcare] and 16 l of formamide). This mixture was applied to the DNA microarray slide, which was then incubated in the dark at 50°C for 16 h. After this incubation, the slides were washed (in the dark with gently rocking) by sequential incubations in 6ϫ SSPE (1ϫ SSPE is 0.18 M NaCl, 10 mM NaH 2 PO 4 , and 1 mM EDTA [pH 7.7]) containing 0.01% Tween 20 (SSPE-T) at 50°C, 0.8ϫ SSPE-T at 50°C, and 0.6ϫ SSPE at 25°C. After a low-speed centrifugation step (5 min at 900 ϫ g), the slides were kept in the dark and immediately scanned by using a GenePix 4100A microarray reader (Molecular Devices, Sunnyvale, CA). GenePix Pro 5.0 and Acuity 4.0 software packages (Axon Instruments, Inc.) were used for image and data analyses, respectively.
The data from four biological replicates (dye-swap included) were individually subjected to two types of normalization, a ratio-based normalization so that the mean or median intensities are the same across the array, and a nonlinear locally weighted scatterplot smoothing (LOWESS) normalization, which corrects intensity-dependent variation in dye bias, before being combined into a single data set for further analysis. After normalization, the results indicated that 73.4% of the total H. ducreyi genome was represented in the analysis. Differential expression was defined as a minimum of a twofold change in expression in the cells grown in CBϩFCS relative to cells grown in CB-FCS. The data were further scrutinized so as to only include expression profiles that were observed in at least three of the four experiments and had a P value of Յ0.05 after a one-sample t test analysis. The data from these DNA microarray experiments were deposited at the NCBI Gene Expression Omnibus (GEO) database (http://www.ncbi.nlm.nih.gov/geo/) under accession no. GSE13851.
Real-time RT-PCR. Selected oligonucleotide primers used in the present study are listed in Table 1 and were derived from the nucleotide sequence of the H. ducreyi 35000HP genome (GenBank accession no. NC002940). Oligonucleotide primer pairs were designed using Primer3 (5). Primers were run through BLAST using the nonredundant database, as well as the H. ducreyi genome, to rule out possible false positives. Primers were also tested for the presence of "primer dimers" by means of a dissociation curve analysis. Seventeen genes were selected for analysis of their relative transcription levels by two-step real-time RT-PCR. The RT reaction was performed with 2 g of RNA in a 20-l reaction volume, using TaqMan reverse transcription reagents (Applied Biosystems, Foster City, CA) according to the manufacturer's instructions and using gene-specific primers at a final concentration of 400 nM. After the RT reaction, residual RNA was removed by treatment with RNase for 20 min at 37°C, and the cDNAs were cleaned by using QiaPrep columns (Qiagen). Each real-time RT-PCR was performed in a 20-l volume containing 50% (vol/vol) SYBR master mix, the two oligonucleotide primers at final concentrations of 400 nM each, and 10 ng of cDNA. PCR amplification was accomplished with a model 7500 real-time PCR system (Applied Biosystems). Assays were performed in triplicate independent experiments, using HD1643 (gyrB) to normalize the amount of cDNA per sample, because its transcript levels did not change in any of the DNA microarray experiments performed. The fold change of each gene was calculated by using the 2 Ϫ⌬⌬CT method.
Construction of an H. ducreyi cpxR mutant. An ϳ1.5-kb fragment corresponding to the 5Ј upstream region of the H. ducreyi cpxR ORF was PCR amplified from chromosomal DNA with ExTaq DNA polymerase (Takara Bio, Inc., Shiga, Japan) and the primers P1 and P3 (Table 1) . Another ϳ2-kb fragment corresponding to the 3Ј downstream region of the H. ducreyi cpxR ORF was PCR amplified with the primers P4 and P2. Primers P3 and P4 shared a 21-nucleotide (nt) complementary sequence (indicated in boldface in Table 1 ), and a SmaI site (underlined in Table 1 ) was included in primer P3. The two PCR fragments were gel purified, and equal amounts were mixed and used as the templates in overlapping extension PCR (28) with the primers P1 and P2. The resultant ϳ3.5-kb PCR product had a ϳ500-bp deletion within the cpxR ORF, with a SmaI site in the center. This fragment was cloned into pCR2.1 (Invitrogen) to obtain pML115. The ϳ200-bp promoter region of the pACYC184 cat gene (13) was PCR amplified by using the primers catP(F) and catP(R). The nonpolar cat cartridge from pSL33 (32) was amplified by using the primers cat(F) and catSL33(R). Primer cat(F) was complementary to 26 nt at the 5Ј end of catP(R) (indicated in boldface in Table 1 ). Both amplicons were gel purified, and equal amounts were mixed and used as the templates in overlapping extension PCR with the primers catP(F) and catSL33(R). This PCR generated a ϳ800-bp fragment flanked by SmaI sites. This amplicon was digested with SmaI and ligated to SmaI-digested pML115 to obtain pML116. The primers P1 and P2 were used to amplify a ϳ4.5-kb fragment from pML116 containing the cpxR deletion construct described above. The amplicon was DpnI digested to cut any residual plasmid DNA, followed by gel purification. A 90-g amount of purified PCR fragment was used to electroporate H. ducreyi 35000HP as previously described (23), with some modifications. Briefly, bacterial growth from three chocolate agar plates was collected into 5 ml of cold 10% (vol/vol) glycerol. These H. ducreyi cells were washed four times and suspended in a final volume of 200 l. A 50-l portion of the final cell suspension was mixed with the purified PCR product and placed on ice for 20 min. The mixture of DNA and cells was transferred to a cold 0.1-cm electroporation cuvette, and a 2.5-kV pulse was applied. The cells were placed in 5 ml of CB and incubated at 33°C in a gyratory water bath at 100 rpm. After a 5-h recovery period, the cells were harvested by centrifugation and plated on chocolate agar containing chloramphenicol (1 g/ ml). Nucleotide sequence analysis of the relevant chromosomal region in the chloramphenicol-resistant transformant, designated 35000HP⌬cpxR, indicated the presence of a 7-nt insertion within the remainder of the cpxR ORF and two nucleotide changes in the cpxA gene that did not affect the predicted amino acid sequence.
Southern blot analysis. Purified chromosomal DNA preparations from H. ducreyi strains were digested to completion with EcoRV and used in Southern blot analysis. The probe for the cpxR gene was obtained by PCR, using the primers P5 and P6 (Table 1) to amplify an ϳ700-bp fragment from H. ducreyi 35000HP chromosomal DNA. The probe for the cat cartridge was obtained by using the primers DeltaEcat(F) and DeltaEcat(R) ( Table 1) to amplify an ϳ1.3-kb fragment from pACYC184 containing the cat gene. Both probes were labeled with digoxigenin (DIG) by using a random-primed DNA labeling kit (Roche Applied Sciences, Indianapolis, IN).
Complementation of the H. ducreyi 35000HP⌬cpxR mutant. The wild-type cpxR gene from H. ducreyi, together with 100 nt upstream of the translational initiation codon, was amplified from 35000HP chromosomal DNA by using the primers P9 and P10 ( Table 1 ). The amplicon was digested with EcoRI and ligated to EcoRI-digested pLS88 (66) to obtain pML125. A 100-ng quantity of pML125 DNA was used to transform 35000HP⌬cpxR (as described above) to obtain the kanamycin-and chloramphenicol-resistant strain 35000HP⌬cpxR(pML125). Plasmid pLS88 was also introduced into 35000HP⌬cpxR for use as a negative control.
Construction and purification of a histidine-tagged CpxR fusion protein. A DNA fragment corresponding to the cpxR ORF was amplified from 35000HP chromosomal DNA by PCR using the primers pQE30cpxR-F and pQE30cpxR-R (Table 1) , which added BamHI and PstI sites, respectively, to the fragment. The amplicon was digested with these two restriction enzymes and ligated to BamHIand PstI-digested pQE30 (Qiagen) to obtain pML123. E. coli M15 cells harboring pML123 were cultured to an OD 600 of ϳ0.5 and, after the addition of IPTG (isopropyl-␤-D-thiogalactopyranoside) to a final concentration of 0.1 mM, the cultures were shaken for 4 h. Cells were harvested by centrifugation, suspended in buffer A (50 mM sodium phosphate, 200 mM sodium chloride, 10 mM imidazole) containing protease inhibitors, and frozen at Ϫ20°C until further use. After disruption of these cells by sonication, a soluble crude extract was obtained by centrifugation (15,000 ϫ g for 30 min), and the extract was filtered through a 0.22-m-pore-size filter before using Ni 2ϩ -chelate chromatography to purify the His-tagged CpxR protein. This fusion protein was further purified by anionexchange chromatography and stored at Ϫ70°C.
Electrophoretic mobility shift assay (EMSA). The ability of CpxR to recognize and bind the lspB promoter was examined by using a DIG gel shift kit from Roche. The lspA1 and gyrB promoter regions were used as negative controls. The lspB DNA promoter region containing the putative CpxR consensus binding sequence in the center of the fragment (ϳ200 bp) was generated by PCR (the primer sequences are given in Table 1 ). The 3Ј termini of 4 pmol of each probe were labeled with 1 nmol of digoxigenin (DIG)-11-ddUTP by using 1 U of terminal transferase at 37°C for 30 min in labeling buffer (200 mM potassium cacodylate, 25 mM Tris-HCl [pH 6.6], 0.25 mg of bovine serum albumin per ml, 5 mM CoCl 2 ). The purified, His-tagged CpxR protein (50 pmol) was incubated in binding buffer [20 mM HEPES (pH 7.6) containing 1 mM EDTA, 10 mM (NH 4 ) 2 SO 4 , 1 mM dithiothreitol, 0.2% (wt/vol) Tween 20, 30 mM KCl, 1 g of poly(I-C), and 0.1 g of poly-L-lysine] in a final volume of 22 l at 37°C for 15 min. Then, a 10-fmol portion of the DIG-labeled probe was added, and the reaction mixture was incubated at 25°C for 15 min. After the addition of 5 l of loading buffer (0.25ϫ Tris-borate-EDTA, 40% [vol/vol] glycerol, 0.2% [wt/vol] bromophenol blue), samples were run on a 4.5% polyacrylamide gel (29:1 acrylamide-bis-acrylamide) in 0.5ϫ Tris-borate-EDTA, followed by electroblotting (Transblot; Bio-Rad) onto a nylon membrane (Hybond-Nϩ; Amersham, Piscataway, NJ) and fixation by UV cross-linking. Detection of DNA fragments was performed as directed by the manufacturer (Roche).
RESULTS

Expression of LspA2 but not of LspA1 is growth phase dependent.
A previous study indicated that the level of expression of LspA2 by broth-grown H. ducreyi cells was lower than that of LspA1 (63) , suggesting that the lspA1 and lspA2 genes could be regulated differently. In order to test this hypothesis, Western blot analysis was used to determine the expression profiles of LspA1 and LspA2 throughout the different stages of growth. Cultures were inoculated at low densities (OD 600 ϳ0.05), and growth was monitored for 16 h (Fig. 1A) . At each time point, proteins present in whole-cell lysates were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and the expression of LspA1 and LspA2 was determined by using LspA1-and LspA2-specific MAbs (Fig. 1B) . In addition, at 8, 12, and 16 h, total RNA was extracted, and the transcript levels of lspA1 and lspA2 were determined by using real-time RT-PCR. LspA1 appeared to be constitutively expressed (Fig.  1B, upper panel) , although slightly increased expression was sometimes observed during stationary phase (data not shown). LspA2 has a delayed expression pattern, first appearing in exponential phase between the 8-and 10-h time points and peaking in the stationary phase (Fig. 1B, middle panel) . Transcript levels correlated with protein levels (data not shown). These data suggested that lspA1 and lspA2 are under the control of different regulatory factors and are therefore differentially regulated.
Expression of LspA2 but not of LspA1 is affected by FCS. H. ducreyi is a fastidious bacterium that requires a rich and complex medium for growth in vitro (2, 15, 22, 33) . One medium constituent that facilitates the optimal growth of this pathogen in vitro is FCS. Preliminary experiments in this laboratory indicated that the absence of FCS in the CB-based growth medium resulted in a lack of detectable LspA1 and LspA2 in CCS (data not shown). To further investigate this phenomenon, whole-cell lysates, CCS, and relevant transcript levels from H. ducreyi grown in the presence or absence of FCS were analyzed. The growth of H. ducreyi in the absence of FCS was slightly slower than growth in the presence of FCS (Fig. 2A) . Analysis of whole-cell lysates by Western blotting indicated that, in the presence of FCS, both LspA1 and LspA2 were synthesized (Fig. 2B, panels 1 and 5, respectively) . In contrast, in the absence of FCS, LspA2 expression (Fig. 2B, panel 6 ) was highly reduced, while LspA1 was present at all of the time points tested (Fig. 2B, panel 2) . This pattern of expression was corroborated at the transcriptional level by using real-time RT-PCR. In the absence of FCS, expression from lspA1 was relatively unaffected, whereas expression from lspA2 was greatly reduced (Fig. 2C and D) .
In the absence of FCS, neither LspA1 nor LspA2 could be detected in CCS (Fig. 2B, panels 4 and 8, respectively) , whereas both proteins could be detected in CCS (Fig. 2B , panels 3 and 7, respectively) in the presence of FCS. Taken together, these data indicate that LspA1 expression is not affected by the presence or absence of FCS, whereas the release of LspA1 and LspA2 from the H. ducreyi cell is mediated directly or indirectly by a component(s) present in the serum. In addition, the presence of FCS significantly affected the expression of LspA2, suggesting that a factor(s) in serum may regulate the expression of LspA2.
Analysis of the H. ducreyi transcriptome in the presence of FCS. In an attempt to identify the regulatory mechanism(s) involved in the expression of LspA2, we performed DNA microarray analysis, using a microarray based on the nucleotide sequence of the H. ducreyi 35000HP genome. A total of 324 genes were differentially regulated (i.e., at least a twofold increase or decrease in expression) after growth in the presence of FCS. Of these, 163 genes were upregulated, and 161 were downregulated. The 70 most significantly upregulated or downregulated genes are listed in Table 2 . Among the upregulated genes were several encoding known or putative H. ducreyi virulence factors including lspA2 (30) , dsrA (9), ompP2A (29, 45) , ompA2 (58) , and flp1 (53) , suggesting that the presence of serum might be a cue for the expression of certain bacterial products necessary for the infection process. When real-time RT-PCR was used to determine relative transcript levels for a subset of these genes under the same two sets of conditions, the majority of the expression patterns (Fig. 3) correlated well with the DNA microarray results.
Deletion of cpxR increases expression of LspB and LspA2. DNA microarray results were scrutinized to look for up-or downregulated ORFs annotated as encoding homologs of known or putative regulators. The homologs to the E. coli CpxAR two-component system (47) were found to be downregulated in the presence of serum ( Table 2 ). The CpxAR system responds to cell envelope stress (46, 47, 49) and has been shown to positively or negatively regulate some virulence determinants in certain bacteria (4, 19, 34, 39, 41) . To determine whether expression of LspA2 was under the control of the CpxRA system, a cpxR deletion mutation was generated in H. ducreyi 35000HP. The insertion of a single cat cartridge into the deletion site within cpxR in the 35000HP⌬cpxR mutant was confirmed by Southern blotting (Fig. 4A) and nucleotide sequence analyses. Lack of expression of the CpxR protein by this mutant was confirmed by Western blot analysis (Fig. 4B) .
FIG. 1. Expression of LspA1 and LspA2 during growth of H. ducreyi in broth. (A) Growth of wild-type H. ducreyi 35000HP in CB.
(B) Western blot-based detection of LspA1 and LspA2 proteins in whole-cell lysates using the LspA1-specific MAb 40A4 (top panel), the LspA2-specific MAb 1H9 (middle panel), and the PAL-specific MAb 3B9 (bottom panel). This latter antigen was used as a loading control. Cells were sampled every 2 h, beginning with the 2-h time point. Molecular mass position markers (in kilodaltons) are present on the left sides of these three panels.
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Real-time RT-PCR analysis indicated that the expression of cpxA (located immediately downstream of cpxR) was only minimally affected in this mutant (data not shown).
Western blot analysis of whole-cell lysates indicated that the 35000HP⌬cpxR mutant expressed more LspA2 (Fig. 5B , lane 2) and more LspB (Fig. 5C, lane 2) than the parental wild-type strain ( Fig. 5B and C, lanes 1) . It should be noted here that it was previously shown that lspB and lspA2 comprise an operon in H. ducreyi (74). Detection of PAL (54) was used to ensure equivalent loading of samples of the four different strains (Fig.  5E ). When the cpxR mutation was complemented with a plasmid carrying cpxR [35000HP⌬cpxR(pML125)], the levels of LspB (Fig. 5C, lane 3) and LspA2 (Fig. 5B, lane 3) expression were greatly reduced compared to wild-type ( Fig. 5B and C,  lanes 1) . Unexpectedly, the level of LspA1 expression was also greatly reduced in the complemented mutant 35000HP⌬cpxR (pML125) (Fig. 5A, lane 3) . Analysis of CpxR expression in all four strains showed that CpxR was more highly expressed in strain 35000HP⌬cpxR(pML125) (Fig. 5D, lane 3) compared to wild-type levels (Fig. 5D, lane 1) . Taken together, these data indicate that CpxR negatively regulates expression of LspB and LspA2. In addition, overexpression of CpxR can result in inhibition of expression of LspA1.
Interaction of CpxR with the promoter region of lspB. Inspection of the lspB promoter region revealed the presence of a putative CpxR-binding consensus sequence based on the E. coli CpxR binding motif (Fig. 6A) (17) . This upstream region contained two conserved pentamers separated by a 5-nt linker (indicated in italics) [5Ј-(Ϫ53)GTAAATTAATGTATA(Ϫ39)-3Ј] (Fig. 6B) . The presence of a T instead of an A in the second pentamer (underlined) should not interfere with the binding of CpxR, since this substitution has been observed in other CpxR recognition sites (67) .
A His-tagged H. ducreyi CpxR protein was purified and used in EMSAs. A ϳ200-bp fragment encompassing the putative lspB promoter region (nt Ϫ157 to ϩ43), with the predicted CpxR binding motif in the center of the fragment, was used as the probe. The predicted promoter regions of lspA1 (nt Ϫ178 to ϩ23) and gyrB (HD1643) (nt Ϫ154 to ϩ47) were used as negative controls. Neither of these latter two promoter regions contains a predicted CpxR binding motif (data not shown). Incubation of the lspB promoter region with 50 pmol Histagged CpxR (Fig. 6C, panel 1 ) resulted in a shift in the migration of the DNA probe, whereas no shift was observed when the promoter regions of lspA1 (Fig. 6C, panel 2) and gyrB (Fig. 6C, panel 3) were used. Taken together, these EMSA results and the LspB/LspA2 expression profile of the cpxR mutant strongly suggest that there is a direct negative effect of CpxR on expression of the lspB-lspA2 operon.
cpxR is located in an operon with three other ORFs. Genome sequence comparisons of several bacterial species including representatives from the Escherichia, Salmonella, Yersinia, and Shigella genera indicate that the CpxRA twocomponent regulatory system is arranged in a two-gene operon (35) . In the H. ducreyi genome, cpxR and cpxA are situated within a cluster of four genes, HD1468, cpxR, cpxA, and HD1471, which are on the same strand, are putatively transcribed in the same orientation, and have short intergenic regions (62, 64 , and 85 nt, respectively). RT-PCR indicated that these four genes are transcribed into a continuous RNA molecule (data not shown), suggesting that they form an operon in H. ducreyi 35000HP. 
DISCUSSION
Previous work in our laboratory suggested that lspA1 and lspA2 were under the control of different regulatory mechanisms, based on the observation that LspA1 was apparently more abundant than LspA2 in whole-cell lysates and CCS (64), together with the fact that inactivation of lspA1 resulted in the detection of increased levels of LspA2 in whole-cell lysates and CCS (63) . Analysis of LspA1 and LspA2 expression profiles b That is, the median log 2 ratio of expression when grown in the presence of FCS relative to expression in the absence of FCS from four experiments (P Ͻ 0.05).
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on September 12, 2017 by guest http://iai.asm.org/ during growth in vitro in the present study indicated that LspA2 had a temporal pattern of expression, with relatively high levels being attained only in the late exponential and stationary phases (Fig. 1) . In contrast, LspA1 appeared to be expressed throughout the growth period (Fig. 1 ). Taken together with our previously published findings (63, 64) , these data supported the hypothesis that LspA1 and LspA2 are differentially regulated. In the present study, we obtained evidence strongly suggesting that the Cpx stress response system (47) is involved in the negative regulation of the lspB-lspA2 operon. In addition, we discovered that FCS might serve as an environmental signal to upregulate a variety of virulence factors that could potentially aid in the infection process. It has been well established that bacteria are able to sense their environment and respond to different stimuli by altering gene expression (27) . During the infection process, bacteria have been shown to adjust gene expression depending on the host, tissue, or cellular localization (for a review, see reference 10). The fact that H. ducreyi is an obligate human pathogen does not eliminate its need to be able to regulate gene expression, and there is ample evidence that other obligate human pathogens, including both Bordetella pertussis (52) and Neisseria gonorrhoeae (42) , use two-component sensory transduction systems to control gene expression. Although there is some indirect evidence that heme restriction can regulate gene expression in H. ducreyi (20, 56) , there have been no reports to date describing regulatory gene mutations in H. ducreyi.
In the present study, we found two different mechanisms involved in controlling expression of the LspA proteins. The first involved FCS, which H. ducreyi requires for optimal growth in vitro. During infection, H. ducreyi is likely to be exposed to serum components at the site of ulceration as a consequence of vascular leakage. Several pathogens have been shown to alter gene expression in response to plasma or serum, including Streptococcus pyogenes (31) , Enterococcus faecalis (40) , and Yersinia pestis (14) . We had previously found that neither LspA protein could be detected in CCS when wild-type H. ducreyi was grown in the absence of FCS (data not shown).
In the present study, we found that LspA2 is not expressed in the absence of FCS (Fig. 2B, panel 6 ), and this result was reflected by real-time RT-PCR analysis ( Fig. 2C and 2D) . In contrast, expression of LspA1 is not affected by FCS (Fig. 2B,  panels 1 and 2) . However, even though expression of LspA1 is not affected by FCS, LspA1 was not detectable in CCS derived from cultures grown in the absence of FCS (Fig. 2B, panel 4) , suggesting that a factor(s) present in FCS is necessary for the processing and/or release of this very large protein into the medium. Whether this factor acts directly or indirectly to effect this release is not known at this time.
Global transcriptional analysis of H. ducreyi 35000HP cells grown in the presence or absence of FCS indicated that, besides the upregulation of the lspB-lspA2 operon, other genes including both dsrA and the tad operon were also upregulated ( Table 2) . Expression of these latter two genes or operons has been shown to be important for normal virulence of H. ducreyi in the human challenge model (9, 53) . In contrast, expression of the hemoglobin-binding protein HgbA (20, 56) , which has been previously shown to be a virulence factor for H. ducreyi (3), was downregulated in vitro by the presence of FCS (Table 2) .
Among the H. ducreyi genes that were differentially expressed in the presence or absence of serum, it is interesting to note the dichotomy involving the ompP2A and ompP2B ORFs. Expression of ompP2A was upregulated by the presence of FCS, whereas the expression of ompP2B was downregulated (Fig. 3) . Both of these genes encode porins, and H. ducreyi 35000HP expresses both OmpP2A and OmpP2B in vitro (45) . However, the majority of H. ducreyi strains tested to date appear to express only OmpP2A and do not express OmpP2B as the result of different mutations in and near the ompP2B ORF. Why H. ducreyi 35000HP would differentially regulate these two ORFs in the presence of serum is not immediately apparent, but this could suggest that the OmpP2A protein may function better as a porin than does OmpP2B.
Further analysis of the transcriptional data indicated that the CpxRA two-component regulatory system was downregulated in the presence of FCS. The CpxRA regulatory system is one of the four cell envelope stress systems in gram-negative bacteria (the other three being the alternative sigma factor E , BaeSR, and the phage shock response), which are induced by a variety of signals (for reviews, see references 16 and 48). Although initially thought to only respond to stress in the cell envelope, the CpxRA regulatory system has also been found to affect expression of virulence factors in several pathogens, including Legionella pneumophila (21) , Salmonella enterica (38) , enteropathogenic E. coli (41) , and Yersinia species (11) . The target genes controlled by the CpxRA system in the aforementioned bacteria are different but are mostly related to adhesion to and/or invasion of mammalian cells. The effect that this two-component regulatory system exerts on these target genes can also vary, in that in some cases it behaves as a positive modulator (21, 41) , while in other instances the effect is negative (11, 26).
As described above, FCS enhanced the growth of H. ducreyi in CB (Fig. 2) . Under these conditions, it could be inferred that there is less stress on the H. ducreyi cell. Consequently, a reduction in transcription of the cpxRA genes might be expected, as was detected in the DNA microarray experiments in the present study. This in turn could affect the expression of genes regulated by CpxR. The fact that LspA2 was only expressed when H. ducreyi was grown in CB with FCS ( Fig. 2) suggested that CpxR might be involved in controlling the expression of this protein.
Inactivation of the cpxR ORF in H. ducreyi 35000HP resulted in increased expression of both LspB and LspA2 (Fig.  5) . EMSA findings indicated that a recombinant H. ducreyi CpxR protein bound to the lspB promoter region between nt Ϫ157 and ϩ43. This is the region that contains the putative CpxR recognition site, thus providing additional evidence for the involvement of CpxR in the regulation of expression of LspB and LspA2. What element(s) controls of expression of LspA1 remains to be determined. It appears that LspA1 is constitutively expressed by the wild-type strain in vitro (Fig. 1) and that expression of this protein is not affected by the presence of FCS (Fig. 2) . However, overexpression of CpxR (in the complemented cpxR mutant) resulted in a dramatic reduction in LspA1 synthesis (Fig. 5A, lane 3) . The DNA upstream from lspA1 apparently lacks a CpxR binding site consensus sequence, and the EMSA experiment indicated that this region does not bind CpxR (Fig. 6) . It is possible that overexpression of CpxR in the complemented cpxR deletion mutant affected another regulatory pathway(s), which in turn affected LspA1 expression.
Two previous studies focused on identifying bacterial genes transcribed during experimental H. ducreyi infection. The first of these used RT-PCR to detect H. ducreyi transcripts present in biopsies from pustules produced in human volunteers by H. ducreyi 35000HP (59) . Both lspA1 and lspA2 transcripts were detected in these in vivo-derived samples. The second study used the selective capture of transcribed sequences to identify genes expressed in vivo and found a cDNA containing a nucleotide sequence common to both lspA1 and lspA2 (6) . The fact that both lspA1 and lspA2 transcripts were detected in the former study indicates that both of these genes are transcribed At the very least, the presence of both lspA1 and lspA2 transcripts in vivo raises the possibility that H. ducreyi synthesizes both of the encoded proteins, perhaps to optimize its ability to avoid phagocytosis.
In conclusion, the studies described here provide the first evidence for the involvement of the CpxRA system in the differential regulation of the LspA proteins. Although CpxR has been shown to be a negative regulator of LspB and LspA2 expression, it remains to be determined what gene product(s) control expression of LspA1. Similarly, the extent of involvement of the CpxRA system in controlling expression of other H. ducreyi virulence factors is not known. In addition, the identity of the factor(s) in FCS necessary for expression of LspA2 in vitro and for release of both LspA1 and LspA2 from the H. ducreyi cell surface is unknown at this time. These results and unanswered questions warrant more detailed investigation of the CpxRA two-component system in H. ducreyi.
